The Dufek intrusion is a mafic, differentiated stratiform igneous complex exposed in the northern Pensacola Mountains. Due to its similar age and geochemistry, it is considered to be part of the Ferrar Dolerites that are the hypabyssal phases of the Jurassic tholeiitic Ferrar group of Antarctica. The intrusion is composed principally of cumulate gabbros with lesser amounts of anorthositic, pyroxenitic, and magnetite cumulates that are capped conformably by a thick unit of granophyre of granodioritic composition. The Dufek intrusion was sampled from its exposed parts in two ranges in the Pensacola Mountains. The stratigraphically lower section is called the Dufek Massif and the upper one is called the Forrestal Range section. This report summarizes Rb and Sr abundances and 87Sr/86Sr isotopic values for 89 whole-rock and 52 mineral (plagioclase, pyroxene, apatite) samples, and d 180 values for 89 whole-rock and 54 mineral (plagioclase, pyroxene, magnetite) samples from the Dufek intrusion.
INTRODUCTION
The mostly gabbroic Dufek intrusion (82° 30' S 50° W) is more than 50,000 square kilometers in area (Behrendt and others, 1981) and probably 8-9 kilometers thick at its southern end . The intrusion was mapped and sampled in detail by the U.S. Geological Survey in the austral summer 1965-66 as part of the final phase in completing mapping of the entire Pensacola Mountains (Schmidt and Ford, 1969) . The intrusion is exposed in two of the northern ranges of the Pensacola Mountains near the southeastern edge of the Ronne Ice Shelf, Antarctica ( fig. 1 ). The age of the Dufek intrusion is Permian or younger on the basis of field evidence . On the basis of radiometric dating, it is assigned to the hypabyssal dolerite phase of the Jurassic Ferrar Group tholeiitic igneous activity that occurred throughout the Transantarctic Mountains (Ford and Kistler, 1980; Brewer and others, 1996; Fleming and others, 1997) .
The layered igneous rocks of the Dufek intrusion formed by the accumulation of crystals by settling. Rocks of this origin are termed "cumulates" and their textures and structures reflect sedimentary processes. The cumulates are composed of cumulus phases that (Behrendt and others, 1981) . Major outcrop areas are shown in black.
settled and packed to form the framework of the rock and postcumulus material which formed in the place that it now occupies. Noncumulus rocks are those such as the capping granophyre of the Dufek intrusion. The stratigraphy of the layered Dufek intrusion is described in detail by Ford, (1970 and by . Ten partial stratigraphic sections were measured and sampled in the area of the Dufek Massif and 11 in the Forrestal Range. These sections are intercorrelated within each range by using one or more key marker layers. A composite section was constructed with a 1800 meter thick lower part in the Dufek Massif and a 1700 meter thick upper part in the Forrestal Range (Table 1) . A 2-3-km thick section of unexposed rock between the Dufek Massif and the Forrestal Range lies hidden beneath the Sallee Snowfield ( fig. 1) . A second hidden section 1.8-3.5 km thick, called the "basal section", is inferred to lie beneath the lowest exposed rocks of the Dufek massif on the basis of geophysical surveys (Behrendt and others, 1974 ). An unknown thickness of the capping granophyre has been eroded away. Petrologic, mineralogic, and geochronologic studies of the Dufek intrusion by members of the U.S. Geological Survey are reported in Himmelberg and Ford, 1975 , 1983 others, 1985, 1986; Kistler and Ford, 1979; Ford and Kistler, 1980; Ford and others, 1983, 1986; Ford and Himmelberg, 1991 . This report presents Rb and Sr concentration and Sr and oxygen isotopic data for whole-rocks and minerals of the Dufek intrusion. Preliminary results of this isotopic study were summarized in Ford and others (1986) .
ANALYTICAL METHODS
The rubidium and strontium concentrations and Sr isotopic data reported in Table 3 were gathered by members of the Intrusive Geochronology Project in the Geologic Division, Sr isotope laboratory at the USGS in Menlo Park, California. Results are presented for whole-rock powders milled to less than 200 mesh, pyroxene separates -100+300 mesh, and plagioclase and apatite separates -170 mesh. Minerals were isolated by standard techniques of magnetic separation and by gravity in heavy liquids. Plagioclase separates with a prefix "A" have specific gravity <2.7 gm/cm3 whereas those with prefix "B" and all other plagioclase separates have specific gravity > 2.7 gm/cm3 (Table 3) . Rubidium and strontium abundances of whole-rocks and plagioclase separates were determined by energy dispersive X-ray fluorescence methods, whereas standard isotope dilution techniques were used to determined these elemental abundances in pyroxene and apatite. Concentrations of Rb and Sr by X-ray fluorescence are ± 3%, whereas they are ± 1% by isotope dilution. Strontium isotope ratios were determined using a MAT 261, 90° sector mass spectrometer, using the double rhenium filament mode of ionization. Strontium isotopic compositions are normalized to 86Sr/88Sr=0.1l94. Measurements of 46Fa  mafic gabbro  506  49Fb  mafic gabbro  585  277Fa  mafic gabbro  643  52Fa  mafic gabbro  698  54Fa  mafic gabbro  827  117Fa  mafic gabbro  936  57Fb  felsic dike  986  58Fb  mafic gabbro  1013  Upper Brown Zone  252Fb  pegmatite  1066  198Fi  mafic gabbro  1067  226Fa  mafic gabbro  1068  11 IFe  mafic gabbro  1070  199Fa  mafic gabbro  1097  Upper Layered Zone  240Fc  mafic gabbro  1173  230Fb  mafic gabbro  1204  231Fd  mafic gabbro  1213  237Fb  mafic gabbro  1219  270Fa  mafic gabbro  1493  266Fa  mafic gabbro  1604  259Fa  mafic gabbro  1809  259Fb  leucogabbro  1809  257Fa  mafic Table 3 and whole-rock, mineral isochron ages in Table 2 were calculated using the decay constant for rubidium from Steiger and Jager (1977) . and the ISOPLOT program of Ludwig (1988) , respectively. Oxygen was extracted from the samples by the BrF5 method (Clayton and Mayeda ,1963 ) and converted to C02 by reaction with hot carbon. The C02 was analyzed on a MAT-250 isotope ratio mass spectrometer. Extraction and analysis of oxygen was by members of the USGS, Water Resources Division, stable isotope laboratory in Menlo Park, California. All of the d-values reported in Table 3 are given in per mil relative to the SMOW standard. All samples were analyzed in duplicate with reproducibility of d 180of ± 0.15 per mil or better. . The smaller variations from the general trend are associated with cyclic units in the intrusion and explained by convective overturn of the magma . The strongest reversal in pyroxenes compositional trends associated with reversal in A^Os and V203 contents of ilmeno-magnetite occurs at the level of the lower inclusion zone of the Forrestal section (Himmelberg and Ford, 1977, fig. 2) . A reversal of compositional trend of plagioclase occurs about 200 meters higher (Ford and Himmelberg, 1986) . The reversal in trends of all cumulus minerals and the magnitude of the pyroxene reversal strongly indicate an addition of new magma at this late stage of crystallization of the intrusion (Ford and Himmelberg, 1986) . The strongest reversal of Sri in the Forrestal Range section begins just above the lower inclusion zone ( fig. 2 ) and also is due to addition of new magma at this level of the intrusion. Figures 3 and 4 show variations between Sri of minerals and whole-rocks at different elevations in the Dufek Massif and Forrestal Range sections, respectively. Sri of the pyroxenes from rocks in the Dufek Massif section and the lower layered zone in the Forrestal Range section are much less radiogenic than their wholerock hosts and coexisting plagioclase and apatite separates. These pyroxenes had to have crystallized in a magma with Sri at least as low as 0.7076 and then settled into their present locations in the intrusion. Smaller differences in Sri between minerals and host rocks persist above the lower layered zone in the Forrestal Range Figure 6 is modified from Schiffries and Rye (1989) . At magmatic temperatures, plagioclase and pyroxene in equilibrium 
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with a "normal" mafic magma have d 180 values of +6.0 and +5.5 per mil, respectively (point B, figure 6). If pyroxene and plagioclase are the dominant minerals in the rock, closed-system, equilibrium cooling will result in compositions that lie in triangle ABC. Subsolidus exchange between a normal basalt and externally derived aqueous fluids produces a steeply sloping disequiblibrium trend (long arrow) because plagioclase is more susceptible to isotopic exchange than pyroxene. The lines defined by A 180=1.5, and A 180=0.5, correspond to equilibration temperatures of approximately 550°C, and 1200°C, respectively (Schiffries and Rye, 1989) . A regression of available emperical and experimental data of plagioclase-pyroxene d180 fractionation factors for magmatic temperatures gives (Dunn, 1986) : for the pyroxene and plagioclase >2.7 and <2.7gm/cm3, respectively. These apparent temperatures may not have much meaning because the Sr isotopic composition of pyroxene (0.70825) is not equilibrated with the two plagioclase species (0.70924 and 0.70926) in this gabbro. By analogy, the oxygen isotopes may not have equilibrated between plagioclase and pyroxene during cooling of this rock. However, in rock from the Dufek intrusion, compositions of coexisting cumulus Ca-rich (augite) and ca-poor pyroxenes projected on the Lindsley (1983) 1-atmosphere geothermometer indicate temperatures of crystallization from 1140°C to 1030°C and pairs of coexisting late-stage pyroxenes by the same geothermometer indicate formation of augite at 770°C and 650°C and of Ca-poor pyroxene at 800°C (Ford and Himmelberg, 1986) . In spite of the possible lack of oxygen isotopic equilibration between some minerals, apparent crystallization temperatures derived from either oxygen isotope or pyroxene geothermoeters are similar in these rocks. 
AGE of the DUFEK INTRUSION
Samples from the Dufek intrusion dated by the US Geological Survey (Table 2) include conventional K-Ar ages of three plagioclase separates from cumulate anorthosites, a pyroxene separate from gabbro, and a whole rock fine-grained gabbro from widely spaced stratigraphic intervals in the Dufek Massif and Forrestal Range (Kistler and Ford, 1979) . Total gas 40Ar/39Ar ages for two pyroxenes from the Dufek Massif and Forrestal Range were reported by Ford and Kistler (1980) . The conventional K-Ar determinations showed considerable age discordancy between plagioclase, pyroxene, and whole-rock samples from different parts of the body, but showed concordancy between 3 plagioclase samples that average 171.6±4.3 Ma. The pyroxene K-Ar and 40Ar/39Ar ages ranged from 189 to 98 Ma. The difficulty of interpreting pyroxene ages due to the possibility of excess argon or to argon loss because of exsolution lamellae (Kistler and Dodge, 1966) gave little weight to these data and the plagioclase average (171.6±4.3 Ma) was accepted as the best age for the intrusion (Ford and Kistler, 1980) . Brewer and others (1996) reported incremental heating 40Ar/39Ar isochron ages of 182.1 ±2.4 Ma and 182.9±2.5 Ma for plagioclase separates from the Dufek intrusion. Zircons from the intrusion yield U-Pb dates of 183.9±0.3 Ma for the capping granophyre and 182.7±0.4 Ma for a late cross-cutting dike (Minor and Mukasa, 1995) .
Rb-Sr whole-rock, mineral ages calculated from regressions of data for two specimens from the Dufek Massif section and 14 specimens from the Forrestal Range section range between 224 and 147 Ma ( Table 2 ). Values of MSWD greater than 1 for many of these regressions indicates scatter of data about the lines is due to factors other than analytical errors. The factor in these cases is most likely the Sri differences between cumulus and intercumulus minerals shown for some rocks in Figures 3 and 4 . Due to this, the ages derived from regressions with MSWD greater than 1, even though they are all Mesozoic, do not represent crystalization ages of the Dufek intrusion. The two Dufek Massif, three of the Forrestal Range section, and the capping granophyre regressions all have MSWD less than 1. The error for these regressions is due only to analytical error, and the ages calculated for these specimens could represent crystallization ages.
The precise isochron for the capping granophyre (Table 2 ) yields an age of 183.9±7.1 Ma, the same as the zircon U-Pb age of 183.9±0.3 Ma (Minor and Musaka, 1995) for this unit of the Dufek intrusion. The age for this unit along with the two Dufek Massif gabbro Rb-Sr isochrons at 178.4±8.9 Ma and 182.0±17 Ma (Table 2) and the 40Ar/39Ar isochron ages of 182.1±2.4 Ma and 182.9±2.5 for two plagioclase separates (Brewer and others, 1996) from the Dufek intrusion strongly suggest the intrusion is greater than 180 Ma and most likely 184 Ma.
The three remaining precise whole-rock mineral isochrons are for two gabbros and a leucocumulate from the Forrestal Range section and yield ages that range from 176.1 ±5.6 Ma to 169.3±7.3Ma. These ages are the same within experimental error and their average age of 173±5 Ma overlaps with the average 171.6±4.3 Ma of the conventional K-Ar ages for three plagioclase separates (Kistler and Ford, 1979 ) from the intrusion. It is not likely it took 8 to 10 m.y. to cool after emplacement of the Dufek intrusion. These dates probably reflect eqilibration of isotope systems in Dufek intrusion rocks during heating at the culminating 176.6+1.8 Ma time of emplacement of the Ferrar tholeiitic rocks elsewhere in Antarctica (Fleming and others, 1997) .
SUMMARY
The extreme variation of strontium and oxygen isotope compositions of rocks from the Dufek layered mafic intrusion shows that it was formed from magma of tholeiitic composition, probably derived from the mantle, that was variably contaminated with siliceous melts derived from crustal rocks. The strontium isotopic composition of a cumulate pyroxene from the Dufek Massif indicates the primary tholeiitic magma had Sri at least as primitive as 0.7076. Compositional variation in the magmas was reinforced by fractional crystallization. In spite of accumulating at magmatic temperatures, not all minerals isotopically equilibrated as the intrusion cooled and crystallized. Oxygen isotope fractionation between plagioclase and pyroxene and magnetite generally indicate equilibration from about 1300°C to about 800°C. Some mafic rocks from the Forrestal Range with Sri values as radiogenic as 0.712 have values of d180 as low as +1 per mil. These same rocks have magmatic oxygen isotope temperatures of partition between plagioclase and pyroxene and require that the contaminating crustal melts were derived from rocks with 180 depleted by interaction with meteoritic hydrothermal systems prior to melting. The capping granophyre is derived from a crustal melt, and is not derived from the mafic Dufek magma by fractional crystallization. Rb-Sr whole-rock mineral ages from the Dufek Massif, a Rb-Sr whole-rock isochron for the capping granophyre, two 40Ar/39Ar plagioclase ages from the Dufek intrusion, and an U-Pb zircon age for the capping granophyre indicate the intrusion is at least 180 Ma and is probabably 184 Ma. Table 3 . Rubidium, strontium abundance and isotopic data, d18O values, and elevations for rocks and minerals in the Dufek Layered Intrusion Antarctica. 
Sample Number material analyzed
Dufek Massif minerals 1 92Fb plagioclase 38Fa pyroxene 49Fb plagioclase 1 1 1 Fa plagioclase 1 1 1 Fa pyroxene 237Fb pyroxene 237Fb pyroxene2 237Fb plagioclase 237Fb magnetite A259Fa plagioclase B259Fa plagioclase 259Fa pyroxene Forrestal Range minerals A75Fe plagioclase B75Fe plagioclase 75Fe pyroxene 75Fe apatite 75Fe magnetite 74Fa plagioclase 74Fa pyroxene 74Fa apatite 74Fa magnetite A99Ff plagioclase B99Ff plagioclase 99Ff pyroxene 99Ff apatite 99Ff magnetite Rb (ppm) 5.30 0.54 1.1 1 0.
